A driving force behind the emergence of the 'new' or information economy is the growth of the internet network capacity. A fundamental problem in mapping this dynamic is the lack of an acceptable theoretical framework through which to direct empirical investigations. Most of the models in the literature on network externalities have been developed in a static framework, with the externalities viewed as instantaneous or self-fulfilling. The model specified here builds on the received theory from several sources to extend these features and develops a dynamic model that is both capable of econometric estimation and which provides as an output a direct measure of the network effect. Accordingly, the main goal of this paper is to find the magnitude of the external effect on internet network growth. In addition, this paper illustrates the ability of the panel data to generate estimates of structural parameters capable of explaining internet host growth.
Network production externalities
Let F(v,n,n*) denote the production function of a representative firm where v is either an aggregate non-network input or a vector of non-network inputs, e.g., labour and non-network capital. Let n* represent a network externality generated through productive activity. This argument allows 'endogenous growth' to occur in the network growth equation, viz., the production function exhibits decreasing returns in n (from the perspective of the firm) and increasing returns when n is equated to n* post-optimisation. That is, during optimisation n* is treated by the firm as exogenous, and post-optimisation n* is equated to n when model equations are derived. Thus positive externalities arise from network capital and are a source of increasing returns in production. Let w represent the price of variable inputs. Illustration of the 'optimising out' process is provided for the case where v is a variable input. Consider the production function: 1 (, , * )
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The solution for optimal v is:
where the linearity of v in n follows from the linear homogeneity of the production function in (v,n) . Conditional on the n, optimised output can then be constructed as a function of input prices: /(1 ) /(1 ) /(1 ) (,,* ) ( 1 * ) . ∂R(w,n*)/∂n* > 0 indicates the production network externality directly augments the return per unit of network capital or interest rate in this stylised model.
Network consumption externalities
Internet network externalities can also arise through consumption. Let U(c,n*) denote the instantaneous utility function of a representative consumer where c is real total consumption and n* is the current network size for an average firm (which is outside the control of the consumer). The point of departure here is the standard iso-elastic utility specification that emphasises the importance of the inter-temporal elasticity of substitution (IES = -∂lnc/∂lnU c ). Temporarily setting aside the network effect, specify instantaneous utility iso-elastic: (,) .
The IES for (7) is:
where -∞ < γ < 1. The IES indicates the willingness of a consumer to forego current consumption in favour of current saving and greater discounted future utility, viz., consumer flexibility. Here the network consumption externality is introduced through the IES, i.e., as income is received from n* and as consumer flexibility might realistically be income dependent, it seems reasonable to suspect the IES is affected by n*. The specification adopted here is:
In Equation (9) the IES ranges in value from θ 1 when there is no network rollout (n* = 0) and asymptotes to θ 2 as the network expands indefinitely (n* → ∞). The IES is increasing in n* if θ 2 > θ 1 , viz., the consumer becomes more flexible. Accordingly, the utility function incorporating network externality effects is written as a function of network size G(n*):
where since IES = 1/[1-G(n*)] or G(n*) = 1-1/IES, and with the IES given by (9) 
Income flows
The old economy firm produced output through Equation (5). This output is a source of income to the owners of the firm -the consumers. Income is also derived from a stochastic return to consumers from AS (new economy) investment obtained by selling x of the network n. In doing so the consumer foregoes a 'sure' rate of return R(w,n*)xdt for receipt of risky return xdq/q. While uncertainty of income flow is expected for both new and old economy firms -it seems reasonable to assume that new economy firm returns are the more uncertain. To focus attention, uncertainty is isolated to the returns of the new economy firm. Here the risky asset is assumed to pay no dividend and provide only a capital gain or loss. The resulting flow of consumer income from production and investment sources is:
where the price of the risky asset, q, is modelled as following a geometric Brownian motion with drift µ q and volatility σ q :
and dz q is Brownian motion, with the properties E(dz q ) = 0, E(dz q ) 2 = dt. 4
Expenditure
An alternative to consumption is the retention of earnings by the firm, which are employed to extend the network. Consequently, network expansion is stochastic and so the demand side of the income identity is:
,
where the network access price p converts the value of the network extension into units of the consumption good.
Optimisation model
For the stochastic income specification Equation (12) through Equation (14), the representative consumer's inter-temporal optimisation problem is:
subject to: 
interpretable as the interest rate and the IES, respectively. Also note that n = n* in the optimised model. 5 Further, Cooper et al. (1995) show optimal c can be written:
and optimal x as:
Utilising the synthesised solutions Equation (25) and Equation (26), and substituting into (22), provides the optimal network diffusion:
where, in view of the specifications of technology and preferences, and setting n = n*: Mean, standard deviation, minimum and maximum values for HOST, ∆HOST, PRICE and WAGE are reported in Table 1 . Host numbers (HOST) range in value from less than four thousand (Luxembourg) to in excess of 80 million (US). The mean addition to the HOST count (∆HOST), across both countries and time, is almost 800 000. Eleven countries recorded declines in host numbers, with the largest decline in France (2000) . 10 PRICE, the listed price of dominant ISP and PSTN carriers, ranges in value from USD18.96 (US) to USD291.43 (Mexico). Average WAGE compensation is 48% of GDP and reflects considerable variation across the sample from 26% (Turkey) to 61% (Switzerland). Notes: HOST is host numbers. ∆HOST = HOST t -HOST t-1 . PRICE is the real price of internet access in USD purchasing power parity.
Model estimation

Functional form specification
The network growth equation was derived in Section 2 in continuous time as Equation (27) to Equation (29). Converting to discrete time, let dt = 1, dn = n tn t-1 = ∆n t and dz q = ε q ~ N(0,1). The estimating form becomes: 
with error term:
It will prove useful to identify the components of Equation (30) that have direct economic interpretation. They are, the inter-temporal elasticity of substitution:
the 'interest rate' (or rate of return to the network as a productive resource), r:
and the Relative Risk Premium (RRP), defined as the normalised equity premium, (µ qr)/σ relative to network access price, p:
Potential heteroscedasticity is implied by Equation (31). The scale factor attached to the random error ε q,t in (31) may be summarised, in view of Equation (32) and Equation (34),
as IES × RRP. This scale factor is itself a stochastic process and contains error variation that is partly predetermined (due to n t-1 ) and partly currently determined (due to w t and p t ). In addition, w t and p t contain partly systematic variation (since they have drifts µ w and µ p ) and partly random variation (in view of their specification as stochastic processes,
i.e., Equation (18) and Equation (19)). While a weighted correction procedure could be applied if all variation were predetermined or systematic, the idea of giving observations different weights because of random variation is problematic since it could induce inconsistency. An alternative approach is to note that the offending term in Equation (31), viz., h(µ q -r)/(pσ q ) has a drift that, though complicated, may be derived from the underlying stochastic processes for n, p and w by application of Ito's Lemma. Borrowing methodology from finance theory, there exist synthetic probabilities which would force this complex drift to zero, so that the offending scale factor in Equation (31), while not a constant, could at least be modelled as a martingale under the synthetic probability measure. Here it is proposed to find maximum likelihood estimates for this case. This seems more acceptable than attempting to convert the scale factor to a constant when it contains random variation.
To employ the proposed correction procedure, a variable parameter specification for components of r, h, µ q and σ q where they appear in Equation (30) 
where it is now assumed, as part of a method which employs a variable parameter specification to choose parameter estimates and indirectly generate probabilities for realisations of IES × RRP most compatible with this assumption, that
Other adjustments to Equation (30), contained in Equation (35), include subsuming the constant parameter function α α/(1-α) into the production function 'intercept' term A. The adjusted intercept is specified as the product of: (1 )
where the c j and d j are country parameters and indicator variables (j = 1,…,23), respectively. After a grid search, α a and α 0 are pre-set at α a = 0.1 and α 0 = 0.01, and τ a and τ 0 are pre-set at τ a = 0.01 and τ 0 = 19. The remaining parameters, c j in the case of the country scale factor A c , and τ b and τ c in the case of the time scale factor T t , are freely estimated in the non-linear maximum likelihood estimation routine.
Further, θ 1 , µ q and σ q are specified as time varying, and are denoted by θ 1,t , µ t and σ t , respectively, as:
and 22 (1 )
Following a grid search, parameter settings µ a = 0.01, µ 0 = 4, σ a = 0.05 and σ 0 = 29, are imposed. Remaining parameters (θ 0 , θ c , µ b , µ c , σ b and σ c ) are freely estimated.
Because of the form of the non-linearity in Equation (35), free estimation of the time preference rate δ is problematic. Accordingly, this parameter is set at δ = 0.02 after grid search. Additionally, experimentation with different forms of the network externality variable (internet host numbers versus an index of cumulative growth) and with different measures of the externality (world versus country network) is undertaken to improve estimation prospects given the non-linear specification. This experimentation led to an index approach, and to different preferred network externality measures for the consumption and production externalities. The resultant preferred specification is:
where IES t , RRP t , and r t are respectively: 
( 
Network measures are constructed from internet host numbers by applying the rule: 
Variable coefficient commentary
Before proceeding, an interpretation for the variable parameter specifications is provided. By construction, 1 0 c t n − = for t = 1. At t = 1 the interest rate applicable to holding network stock is: and variations in the interest rate cross country in the initial period reflects real wage conditions, differences in initial technology and network externality effects, all of which are captured by the c j . In this specification, the technology parameter T t takes the value T 1 = 0.06 for all countries at t = 1, 1996, and acts as a normalising constant. The specification: (1 )
(1 ) This specification has a lower bound of 0.05 for σ t . It also forces an initial value of σ 1 = 0.083 and has an upper bound of 0.0845. σ t is constrained to begin near its upper bound. In estimation, σ t fell to the lower bound by the latter part of the sample.
These variable parameter specifications capture the fall in the expected return on the AS risky investment mid-sample, making some allowance for the Asian financial crisis and world financial conditions more generally. Additionally, from an econometric point of view, the accompanying but lesser fall in volatility leads to a reduced, though substantial, fall in the RRP, countervailing a substantial rise in the IES and providing some support for the approach that treats IES × RRP as a martingale.
Maximum likelihood estimates
Non-linear maximum likelihood estimation of Equation (41) is performed using SHAZAM Version 8 (White, 1997) . Parameter estimates and asymptotic t-statistics are presented in Table 2 . The key results concern parameters associated with consumption and production network externalities. Consumption externalities are measured through the parameters θ 0 , θ c and θ 2 . The non-US θ C is estimated as economically small in impact at -0.649. 11 For purpose of discussion, treat θ 0 = θ 1 . The estimates of θ 1 and θ 2 suggest the IES is bounded from below by 3.321 at the beginning of the sample period and from above by 16.657 as world network grows indefinitely large. The difference between the lower and upper bounds indicates the importance of the network externality in consumption. Turning to the evidence concerning production externalities, the crucial parameters are β w for externalities related to the size of the world network estimated at 0.334 and, β c for externalities related to the size of specific country networks and estimated at 0.461. 12 The results imply effective increasing returns to scale due to the externality of 1.334 for the US (with the world network size providing the externality) and 1.461 for other countries (with the size of the country-specific stock providing the externality).
An ancillary production function parameter is α. Estimated at 0.584, this indicates the variable factor input share of output income is 58%. Remaining parameter estimates control for country-specific effects in technology, the extent of externalities prior to 1996, for variation in the normalised risk premium and the returns to AS investment over time.
Generally, these results indicate the importance of allowing for these variations in the pooled data set. Table 3 reports variable parameter estimates and other functions that vary cross-country or time. Column (3) and Column (4) labelled A C and T, respectively, provide estimates of the country-specific component and time-specific component that together define the scale factor for the interest rate, viz., A C T t in the expression for r t :
The interest rate, constructed according to Equation (45), is given in Column (7) of Table  3 . Column (5) and Column (6) report the remaining variable parameter components of the normalised risk premium, viz., σ and µ. Comparison of Column (6) and Column (7) shows the risk premium is positive for most countries and time periods, with negative values reported for seven countries, and all in the final time period. Preliminary grid searches for economically sensible values of parameters controlling upper and lower limits on the allowable variation in estimates of T t , µ t and σ t , and a lower limit for A C are based on minimising the number of violations of non-positive risk premiums. Given these pre-set values, maximum likelihood estimation proceeded on the basis of generation of a minimal number of these economically problematic results. Column (8) reports the calculated IES values. In particular, the IES is rising through time to near its upper bound, implying that benefits from increased network size will be lower on further network expansion. The presence of a country-specific effect leads to some minor variation across countries in the size of the IES. An interesting result is the rise in the IES through time. This rise is significant, as indicated by a likelihood ratio test on the difference in the underlying parameters controlling the variability in the IES, and is directly attributable to world network externalities in consumption. As a further aid to economic interpretation, Column (9) translates the estimated IES value to the implied value of γ in the utility function. Over the sample period, the power rises from approximately 0.75 in 1996 to 0.93 in 2000. Based on an estimated value of 16.657 for θ 2 , which is the estimated asymptotic limit for the IES, the γ in the utility function will asymptote to 0.94 as network size increases indefinitely. This suggests that the long-run optimal degree of consumption externality has almost been exhausted. That is, further network growth will not increase the consumption externality appreciably. 
Conclusion
A driving force behind the emergence of the new or information economy is the growth of internet network capacity. However, a fundamental problem in mapping this dynamic is the lack of an acceptable theoretical framework through which to direct empirical investigation of internet network host evolution. Most of the models in the literature on network externalities have been developed in a static framework, with externalities viewed as instantaneous or self-fulfilling. They also only consider consumption externalities. The model specified here builds on received theory from several sources to include these features, and develops a model that is both capable of econometric estimation and which provides as an output a direct measure of the network effect. Accordingly, a goal of this paper is to find the magnitude of the externality effect on internet network growth. In addition, the paper illustrates how panel data can generate estimates of structural parameters capable of explaining internet host growth.
Estimates of an endogenous growth model in which sustained internet system growth are the result of consumption and production externalities are presented. Estimation on a sample of OECD Member States shows model results are compatible with internet host growth data. To summarise, both production and consumption externalities are strongly in evident in model estimates. Production externalities although modelled reasonably simply, indicate substantial increasing returns to scale. On the consumption side, the possibility of the externality varying with network size is also examined. Over the estimation period, the consumption externality has strengthened and appears close to its maximum. This finding suggests that future internet growth will most likely be due to production-related externalities.
Several issues are raised as a result of this investigation. In particular, with consumption-side evidence suggesting its future effect will be relatively minor, closer attention needs to be paid to the production-side specification. This specification treats the production externality as a scale effect for a modified linearly homogeneous production function. A task remains to consider both effects in a more general setting, so as to allow examination of ultimate optimal network size. Finally, the model suggests that the traditional notion of critical mass needs to be modified, in the context of the internet, so as to allow for both local and global critical mass.
1 Rohlfs (1974) , Littlechild (1975) and Oren and Smith (1981) analyse network externalities in the context of a monopoly telecommunications network. 2
The field around the unstable critical mass point is 'critical' in the sense that smaller fluctuations can have a large effect upon the continued development of diffusion (Schoder, 2000) . Industries with network externalities typically exhibit a positive critical mass, that is, small networks are not observed at any price (Economides and Himmelberg, 1995) . The critical mass point can also be interpreted as the turning point between positive and negative returns to diffusion (Markus, 1990 ). 3
The 'micro' approach is more concerned with the actual configuration of the network so as to better understand the origin of any externalities (Economides, 1996) . 4
In a more general formulation, if the equity investment is in new economy stocks, then the drift and volatility might be modelled as functions of the network size, leading potentially to another source of network externalities. 5
Since the externality is irrelevant to the private optimiser, the problem is formally equivalent to a stochastic inter-temporal optimisation of the type described by Cooper et al. (1995) . 6
The 23 countries are comprised of: Australia, Austria, Belgium, Canada, Denmark, Finland, France, Germany, Greece, Iceland, Ireland, Italy, Japan, Luxembourg, the Netherlands, New Zealand, Norway, Portugal, Spain, Sweden, Switzerland, UK and the USA. Mexico and Turkey are not included as they are outliers. Czech Republic, Hungary, Poland and South Korea are excluded because of insufficient internet access price data. 7
Complete GDP data are not available for Ireland (2000) and New Zealand (1999, 2000) in the ITU database and are obtained directly from the Central Statistics Office (Ireland) and Statistics New Zealand. Compensation of Employees is obtained directly from the OECD. 10 The countries with declines in new hosts are: Belgium, Denmark, Finland, France, Italy, New Zealand, Portugal, Spain, Switzerland, Turkey and the UK. 11 Although the parameter shows up as insignificant according to the asymptotic t-statistic, a Likelihood Ratio (LR) test rejects the restriction that θ C = 0 (LR=24.960, critical 2 1 (.01) 6.63). χ = Therefore, the results with θ C freely estimated are reported. From an economic perspective, however, the country-specific effect is undoubtedly minor. 12 The world stock network externality is related to US hosts but not other country hosts, while the reverse is true for the country network size externality, which is relevant for countries other than the USA. At this point the significance of these effects is simply noted. A LR test of the joint null hypothesis β w = 0, β c = 0 rejects the null 
